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Derivatives of bovine papillomavirus 1 (BPV1) with temperature-sensitive and dominant-negative mutation the E1 gene
were used to determine the requirement for E1 in the maintenance of viral plasmid DNA replication. The abilities of these
mutant BPV1 genomes to replicate as nuclear plasmids were monitored at permissive (32°C) and nonpermissive (37°C)
temperatures in mouse C127 cells. We found that the temperature-sensitive E1 mutant BPV1 genomes replicate as nuclear
plasmids as efficiently as does wild-type BPV1 in C127 cells after shifting to the nonpermissive temperature. These findings
indicate that BPV1 does not require E1 for the maintenance of viral plasmids. © 2002 Elsevier Science (USA)establisIntroduction. Papillomaviruses normally replicate in
stratified squamous epithelial tissues of their mamma-
lian hosts. The viral genome is retained as a nuclear
plasmid in the infected tissues. Papillomaviruses have
an 8-kb double-stranded circular DNA genome, encod-
ing eight to nine early and late genes. Early genes
contribute to cellular transformation and to early and late
viral DNA replication. Late genes provide capsid pro-
teins. The position, size, and function of genes are highly
conserved in all papillomaviruses, including bovine pap-
illomaviruses (BPVs) and human papillomaviruses
(HPVs). Two viral genes, E1, a DNA helicase, and E2, a
transcriptional activator and plasmid maintenance factor,
are known to contribute to the stable plasmid replication
of the viral genome (5).
Papillomaviruses have a complex life cycle, which is
tied to the differentiation of the host epithelial tissue. It
includes an establishment stage in which, postinfection,
the viral DNA genome establishes residence as a mul-
ticopy nuclear episome, a maintenance stage, in which
the viral DNA is maintained at a low copy level in dividing
basal epithelial cells, and a vegetative or productive
stage, in which the viral DNA is amplified to high copy
number in nondividing terminally differentiated epithelial
cells and encapsidated to yield progeny virions. The
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10regulation of viral DNA replication is thought to differ in
these distinct stages of the viral life cycle. In the estab-
lishment and productive stages of infection, the viral
DNA is replicated at a greater rate than the cellular DNA.
In the maintenance stage of infection, replication of the
viral DNA proceeds overall at the same rate as that of the
cellular DNA (2).
BPV1 can transform mouse C127 cells, a murine mam-
mary tumor-derived cell line. In these cells, the viral
genome establishes itself as a nuclear plasmid. The
nuclear plasmid is maintained stably in these cells.
These C127 cells have proven to be a valuable tissue
culture system for investigating the requirement for viral
replication in the establishment and maintenance stages
of the viral life cycle.
Little is known about how papillomaviral DNA replica-
tion is regulated during the different stages of the viral
life cycle. While many potential strategies are possible,
one or more stages are likely to involve the E1 protein, a
virally encoded DNA helicase. E1, when expressed in
trans along with a second viral protein, E2, can support
replication of the papillomavirus genome or a minimal
replicon that contains sequences cleaved from papillo-
mavirus long control region (LCR) and contains binding
sites for E1 and E2 (3, 17). In these studies the replication
of the viral replicon was monitored shortly after transfec-
tion and was therefore presumed to reflect the type of
replication that occurs during the establishment stage of
the viral life cycle. These studies, therefore, suggest thatKey Words: BPV1; C127; dominant-negative; E1;
temperature-sensitive.
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E1 contributes to the establishment stage of viral DNA
replication. That the E1 protein is likely to be required for
the establishment stage of the BPV1 life cycle was dem-
onstrated by the inability to detect replicated DNA of E1
mutants in transient replication assays (17). In this study
we used temperature-sensitive (ts)-E1 mutant BPV1s (12)
to address the role of E1 in the establishment and main-
tenance stages. When transfected into C127 cells at the
nonpermissive temperature, these ts-E1 mutant ge-
nomes failed to replicate, confirming the requirement of
E1 in the establishment stage of the BPV1 life cycle. To
determine the requirement for E1 in the maintenance
stage of the viral life cycle, the abilities of these mutant
BPV1 genomes to replicate were monitored in C127 cells
in which replication of the ts-E1 genomes was estab-
lished by transfection at the permissive temperature.
When switched to the nonpermissive temperature, the
ts-E1 mutant genomes were found to persist as nuclear
plasmids for multiple cell generations, as was seen for
the wild-type genome. These findings indicate that BPV1
does not require E1 in the maintenance stage of the viral
life cycle.
Results. Requirement for E1 in the establishment stage
of viral life cycles. A number of temperature-sensitive
mutations in the E1 gene of BPV1 were identified previ-
ously in our laboratory (12). The C-terminal substitution
mutants D497A/G498A, N523I, and F542V are deficient in
supporting viral DNA replication in vivo at the nonper-
missive temperature (37°C), but do support viral DNA
replication at the permissive temperature (32°C). The
ts-E1 N523I mutant also displays a dominant-negative
effect at the nonpermissive temperature; i.e., it can inhibit
the function of the E1 wild-type protein at 37°C (12). We
used these ts-mutants to test the role of E1 in the estab-
lishment and maintenance stages of the papillomavirus
life cycle. The wild-type and the three ts-mutants were
introduced in C127 cells by calcium phosphate precipi-
tation. C127 cells are morphologically transformed by
BPV1, providing a selective criterion for isolation of cells
harboring the viral genome. C127 cells transformed by
wild-type or ts-E1 mutants were established at permis-
sive and nonpermissive temperatures (16). Five trans-
formed foci were cloned and expanded from each trans-
fection. Low-molecular-weight Hirt DNA was isolated (6),
and Southern analysis was performed to detect the BPV1
genome (Fig. 1A). When cells were transfected and foci
were selected at 37°C, the cells supported the episomal
replication of wild-type BPV1. However, no extrachromo-
somal ts-E1 mutant BPV1 genomes were detected when
foci were established at the nonpermissive temperature.
The slowly migrating, ts-E1 DNA signals represent spon-
taneously integrated viral DNA in the host chromosomal
DNA. These experiments were repeated again with eight
independent clones with E1 wild-type or ts-E1 mutant
BPV1, and parallel results were obtained. Therefore, the
ts-mutant E1 BPV1 cannot support episomal replication
of the BPV1 genome when foci are selected at the non-
permissive temperature. This finding leads to the con-
clusion that a functional BPV1 E1 protein is required for
long-term viral DNA replication.
FIG. 1. Requirement for E1 in the establishment stage of the BPV1 life
cycle. (A) Long-term replication phenotype of temperature-sensitive E1
mutants at 37°C. This figure shows a phosphorimage from Southern
hybridization of low-molecular-weight DNA isolated from C127 cells
growing at 37°C and transfected with E1 wild-type (pMH142-6) (15) or
E1 temperature-sensitive mutants in the full-length of the BPV1 ge-
nomes. The first lane of the blot contains undigested pMH142.6, indi-
cating where open circle plasmid (oc), supercoiled plasmid (sc), and
linear plasmid (ln) migrate in the gel. The low-molecular-weight DNAs
harvested from cloned populations were resolved on a 0.8% agarose
gel and analyzed by Southern blot hybridization with a full-length BPV1
probe. Four sets of clones containing the E1 wild type, E1 D497A/
G498A, E1 N523I, and E1 F542V in the full-length BPV1 genome are
shown. The high-molecular-weight signals in the ts-E1 samples reflect
spontaneously integrated viral DNA in the host chromosomal DNA. (B)
Transient replication of E1 wild-type (WT) and E1 mutant BPV1 ge-
nomes in 10-3 cells. Shown are Southern analyses of wild-type and
mutant (E1-ttl at nucleotides 945, 1515, and 2113) BPV1 recombinant
plasmid DNA in 10-3 cells. For each sample of low-molecular-weight
DNAs from the transfected cells, an equivalent portion was digested
with AvrII, which linearizes BPV1 DNA (lanes 2–4). A sevenfold greater
portion of the low-molecular-weight DNA was digested with AvrII and
DpnI (lanes 5–6). The Southern analysis was performed using a
pMH142.6-specific probe. The BPV1 DNA plasmid was loaded as the
molecular weight maker (lane 1). The similar amounts of the spiked
DNA in lanes 2–4 indicate that the recovery of the low-molecular-
weight DNAs was similar between samples. The disappearance of the
spiked DNA in lanes 5–7, treated with DpnI, demonstrates that the DpnI
digestions were complete. The DpnI-resistant DNAs present in lane 7
represent viral DNA that has replicated in mammalian cells.
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The long-term viral DNA replication in C127 cells is
thought to require both the establishment and the main-
tenance stages of the viral life cycle. If either one of
these steps required the E1 protein, we would not expect
to get stable clones containing the episomal form of the
ts-E1 mutant BPV1 genomes. To test the requirement for
the E1 protein specifically in the establishment stage of
the viral life cycle, we performed transient viral DNA
replication assays with the BPV1 E1 mutants containing
translational termination linkers (ttl) at nucleotide 945
(Fig. 1B, lanes 2 and 4) and nucleotides 1515 and 2113 of
the full-length BPV1 genome (Fig. 1B, lanes 3 and 5) (11).
Neither E1 mutant replicated, as evidenced by the ab-
sence of detectable DpnI-resistant DNA, confirming that
E1 is required for the establishment stage of the viral life
cycle. This conclusion is also supported by transient
replication assays with the ts-E1 mutant BPV1s from our
previous study (12).
Requirement for E1 in the Maintenance Stage of Viral
Life Cycles. The ts-E1 mutant BPV1s were used to test
the requirement for the E1 protein in the maintenance
stage of the viral life cycle. Full-length BPV1 genomes
containing wild-type E1 or ts-E1 mutant genes were
introduced in C127 cells by calcium phosphate precipi-
tation. These cells were cultured at 32°C, the permissive
temperature, thereby providing functional E1. One month
following selection and expansion of individual foci at
32°C, the temperature was shifted to 37°C (nonpermis-
sive temperature) in order to test a requirement for E1
protein for the maintenance of the viral DNA episome. If
this stage were not to require the E1 protein, cells that
harbor the ts-E1 BPV1 genome episomally at 32°C would
continue to maintain episomal viral DNAs at 37°C. If the
maintenance stage were to require the E1 protein, the
cells would fail to support viral DNA replication, and viral
DNA copy number would decrease upon subculture.
Therefore, the requirement for BPV1 E1 in the mainte-
nance stage of the BPV1 DNA replication can be deter-
mined by comparing viral DNA copy numbers from the
samples grown from permissible and nonpermissible
temperatures.
Individual foci, cultured at 32°C, were cloned and
expanded, and Southern analysis was performed to
identify cells containing stably replicating BPV1 ge-
nomes. Populations containing episomal viral DNA were
split into two plates and cultured at either 32°C or 37°C.
After seven cell generations, low-molecular-weight (mw)
DNA was harvested and the number of viral DNAs per
cell was determined by Southern analysis. Figure 2
shows a typical Southern analysis of low-mw DNA iso-
lated from C127 clones transfected with E1 wild-type
BPV1 DNA and three different ts-E1 mutant BPV1 DNAs.
In lanes 1, 2, and 3, BPV1 DNAs representing 1 to 40 copy
equivalents of viral DNA/cell were loaded as a control. In
the cells maintained at 32°C (Fig. 2, lane 4) wild-type
BPV1 DNA was retained as an episome, as expected.
Upon shifting the growth temperature of cells to 37°C for
seven cell-doublings (Fig. 2, lane 5), these cells retained
episomal wild-type DNA. Interestingly, the temperature-
shifted population contained more viral DNA. This result
was reproducible (Table 1). The three ts-E1 mutants,
when shifted to 37°C, the nonpermissive temperature,
also were maintained as extrachromosomal plasmids in
all cell populations tested (Fig. 2, lanes 7, 9, and 11). The
copy numbers of the ts-E1 mutant viral DNAs, again,
were higher in the temperature-shifted cells (Table 1);
TABLE 1
Copy Numbers of Wild-Type and ts-E1 Mutant BPV1s in Cells
Maintained at the Permissive Temperature or Shifted to the Nonper-
missive Temperature
Note. Shown are the copy numbers for wild-type and ts-E1 mutant
BPV1 genomes quantified by Southern analysis for DNAs extracted
from foci-selected C127 cells, established at 32°C and then cultured at
32°C (row 1) or 37°C (row 2) for seven cell generations. Plasmid copy
numbers were calculated as follows: Hybridization signals from South-
ern analysis were quantified by phosphorimager using BPV1 copy
number standards. Shown are approximate viral DNA copy numbers/
cell from independent clones.
FIG. 2. Long-term replication phenotype (Southern analysis) of E1
mutants at 32°C (permissive temperature) and 37°C (nonpermissive
temperature). Lanes 1, 2, and 3 of the blot contain undigested
pMH142.6 (BPV1 wild type), indicating where open circle plasmid (oc),
supercoiled plasmid (sc), and linear plasmid (ln) run on the gel; differ-
ent amounts of BPV1 DNAs were loaded, representing the viral DNA
copy numbers (40, 10, and 1) per cell. Four different groups of individual
clones containe the E1 wild type (lanes 4 and 5), E1 D497A/G498A
(lanes 6 and 7), E1 N523I (lanes 8 and 9), and E1 F542V (lanes 10 and
11) in the full-length of BPV1 genome.
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thus a higher viral DNA copy number under the nonper-
missible temperature is a property shared by both wild-
type and E1 ts-mutant BPV1s. The plasmid replication
competence of the temperature-sensitive E1 mutant ge-
nomes in cultures shifted to the nonpermissive temper-
ature could be a consequence of a reversion of the
original mutation in E1 or acquisition of a second site
mutation elsewhere in E1 that leads to a functional E1
protein at the nonpermissive temperature. Such a sto-
chastic event would likely be infrequent and therefore
unlikely to explain our findings, given that we reproduc-
ibly saw replication competence of the ts-E1 mutant
BPV1 plasmids in cells shifted to the nonpermissive
temperature among all three mutants tested. Neverthe-
less, to address these possibilities, we isolated low-
molecular-weight DNAs from ts-E1 mutant BPV1 DNA-
containing cells and recovered the BPV1 plasmid DNA
via transformation in Escherichia coli (DH5). The E1
genes were sequenced from these plasmids and found
to contain neither reversion of the primary mutation nor
acquisition of second site mutations in the E1 gene.
Therefore, these findings indicate that E1 is dispensable
for the maintenance of viral episomes in dividing C127
cells.
Discussion. The maintenance of episomes at the non-
permissive temperature was evident in all tested ts-E1
mutant BPV1s, including E1 N523I, the ts-mutant that
acts as a dominant-negative protein at the nonpermis-
sive temperature. The ability of this mutant to be main-
tained as an episome strongly argues against the pos-
sible caveat, for at least this ts-E1 mutant, that the mutant
E1 protein might retain some residual E1 activity at the
nonpermissive temperature. The cells harboring the
ts-E1 episomes were subcultured for seven cell-dou-
blings at the nonpermissive temperature, thereby allow-
ing for more than a 100-fold dilution of any E1 proteins
previously synthesized at the permissive temperature.
This fact and the fact that these ts-E1 mutant genomes
were unable to support detectable establishment of ep-
isomal viral DNA replication at the nonpermissive tem-
perature (12; this study) lead us to conclude that no
functional E1 protein was retained in ts-E1 BPV1-harbor-
ing cells cultured at the nonpermissive temperature.
These results provide the first evidence that an E1-
independent mode of replication permits the persistence
of episomal BPV1 during the maintenance stage of the
BPV1 life cycle.
In an independent study we have demonstrated that
HPV16, 18, and 31 can replicate in multiple human epi-
thelial cell lines in the absence of E1 (10). In that study,
an E1-independent mode of replication permitted the
stable replication of HPV16 in either the presence or the
absence of bacterial vector. Those findings, together
with the findings reported here, indicate that papilloma-
viruses have a conserved property of E1-independent
replication. This conserved property leads us to hypoth-
esize that papillomaviruses can utilize the cellular repli-
cation machinery to support viral DNA replication. Eu-
karyotic cells like yeast and drosophila are known to
encode factors that direct replication initiation at cellular
origins. Those factors minichromosome maintenance
proteins (MCMs) and origin recognition complexes
(ORCs) assemble at origins, and the MCMs form a hex-
americ helicase that initiates replication by unwinding
the double-stranded DNA. E1 itself is a hexameric heli-
case. We postulate that cellular MCMs are responsible
for the E1-independent replication seen in BPV1 and
HPVs (4, 7, 13, 14). Because ORCs and MCMs are highly
conserved among the eukaryotic species investigated,
we tested whether replication of HPV and BPV1 might
occur in yeast independently of E1. We have now found
that they do (1).
If cellular DNA helicases are responsible for E1-inde-
pendent DNA replication, the abundance of ORCs/MCMs
or other replication machinery may influence E1-inde-
pendent DNA replication activity. In our experiments, we
observed E1-independent DNA replication in C127 cells
stably transformed by the bovine papillomavirus. It is
possible that the transformed status of these cells en-
hances the availability of cellular replication machinery
and therefore the competence of these cells to support
the E1-independent mode of replication. This hypothesis
raises the interesting possibility that the cellular trans-
forming activity from the BPV1 oncogenes indirectly con-
tributed to E1-independent DNA replication. Given the
maintenance of BPV1 episomes in C127 cells and the
stable replication of HPV episomes in human epithelial
cells, we hypothesize that E1-independent replication
may contribute to the viral life cycle. A formal test of this
hypothesis will rely upon our definition of the cis-ele-
ments in the papillomavirus genome that contribute to
E1-independent replication. We are currently defining
them. Once the elements are identified, we shall test the
hypothesis that cellular ORCs/MCMs function at these
elements.
Materials and Methods. Cell culture and transfection.
C127 and 10-3 cells were maintained in DMEM  10%
fetal bovine serum. Replication assays in C127 cells
were carried out as described (17). DNA transfection of
wild-type and ts-E1 mutant BPV1s was done by the
protocol (calcium phosphate transfection) of Mansky et
al. (12) as described in Graham van der Eb (8).
Focus Cloning and Southern Analysis. For the analysis
described for Fig. 1A, C127 cells were transfected with
recombinant plasmids containing wild-type or ts-E1
BPV1 genomes and incubated for 1 month at 37°C to
allow foci to appear. The medium was changed twice a
week. After foci formation, individual foci were cloned,
expanded at 37°C, and harvested at 6 weeks. The cells
were treated with trypsin–EDTA (Mediatech Cellgro,
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Herndon, VA) and the cell numbers were counted. Low-
molecular-weight DNAs were isolated, and equal cell
equivalents of these DNAs were subjected to BPV1-
specific Southern analysis. For the analyses described
for Fig. 2 and Table 1, C127 cells were transfected with
recombinant plasmids containing the wild-type or ts-E1
BPV1 genomes and incubated for 1 month at 32°C to
allow foci to appear. The medium was changed twice a
week. After foci formation, individual foci were cloned,
expanded at 32°C, and harvested in 6 weeks. The cloned
populations containing episomal forms of wild-type and
ts-E1 mutant BPV1 genomes were identified by Southern
blot hybridization. Those cell populations were split into
two plates. One plate was cultured at 32°C and the other
was cultured at 37°C for seven cell-doublings. The cells
were treated with trypsin–EDTA (Mediatech Cellgro), and
the cell numbers were counted. Low-molecular-weight
DNAs were isolated and equivalent on cell’s worth of
these DNAs was subjected to BPV1-specific Southern
analysis (Fig. 2).
Transient Replication Assay. Bacterially synthesized
recombinant plasmids were transfected into 10-3 cells
(9) using a calcium phosphate protocol (8). Low-molec-
ular-weight DNAs were harvested 4 days posttransfec-
tion. At the time of cell lysis, a bacterially synthesized
“spike” plasmid containing part of the BPV1 genome was
added to each sample as an internal standard to assess
both the relative efficiency of the low-molecular-weight
DNA extraction and the efficiency of DpnI digestion.
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